The par stability determinant is required for the stable inheritance of the plasmid pAD1 in its native host, Enterococcus faecalis. It is the only antisense RNA-regulated addiction module identified to date in grampositive bacteria. It encodes two small, convergently transcribed RNAs, RNA I and RNA II. RNA I encodes the Fst toxin and RNA II acts as the antitoxin by interacting with RNA I posttranscriptionally. As the toxinencoding component of the system, it is important that RNA I is more stable than RNA II. This study reveals that a helix sequestering the 5 end of RNA I plays a crucial role in maintaining the stability of the RNA I. An adjacent structure previously determined to regulate Fst translation was not required to enhance stability. Results indicated that endoribonuclease J2 contributes significantly to the degradation of a mutant disrupting the upstream helix (UH) of RNA I in Bacillus subtilis. Finally, it was shown that interaction with RNA II stabilized the UH mutant of RNA I.
Addiction modules or postsegregational killing (PSK) systems stabilize plasmids within host cell populations by programming for death any daughter cell that loses the plasmid. PSKs are ubiquitous on low-copy-number plasmids and have been identified in both gram-negative and gram-positive bacteria (for reviews, see references 16 and 23) . Addiction modules encode at least two components, a stable toxin and its unstable antidote, the antitoxin. In most cases, both toxin and antitoxin are proteins and toxin activity is regulated by direct interaction with its antitoxin. In a few cases, the antitoxin is a regulatory RNA that binds to the mRNA for the toxin and inhibits translation. Proper segregation of plasmid DNA ensures continued production of the labile antitoxin and suppression of toxin activity or translation of the toxin. Plasmid loss leads to degradation of the antitoxin and activation of toxin activity or translation, leading to cell death. Similar modules have been found on the chromosomes of most bacterial species, where they are believed to play a role in stress response (5, 9, 17) .
Two well-studied plasmid addiction modules have been shown to be regulated by an antisense RNA mechanism, the hok/sok system of Escherichia coli plasmid R1 and the par system of Enterococcus faecalis plasmid pAD1. Addiction modules present special problems for antisense RNA regulation, since the rapid degradation of the RNA-RNA complexes that occur in most such systems would leave no toxin message to be translated once the plasmid is lost. In the hok/sok system (14) , this problem is solved by the accumulation of a pool of an inactive conformation of the hok mRNA that neither binds the sok antisense regulator nor allows ribosome binding (36) . This pre-mRNA is then slowly degraded from the 3Ј end, triggering a conformational switch to a sok-and ribosome-binding form (11) . If the plasmid is still present, sok binds rapidly via a U-turn motif located within one of the loops of the hok target (12) and the complex is rapidly degraded by RNase III (15) . If the plasmid is lost, the Hok toxin is translated because of the absence of the unstable sok antisense RNA and the cell is killed.
The Enterococcus faecalis plasmid pAD1 par system (39) utilizes a different approach to solve this problem. Unlike most plasmid-encoded antisense RNA systems, par is not strictly cis-regulated; that is, the antisense RNA is not transcribed from the opposite strand of the 5Ј end of its target (39) . Instead, the antisense and target RNAs, designated RNA II and RNA I (38) , respectively, are convergently transcribed toward a bidirectional intrinsic terminator as schematically shown in Fig. 1A . The two RNAs are also transcribed in opposite directions across a pair of direct repeats that provide further sites of complementary interaction between them (19) . The terminator loop of RNA I contains a U-turn motif at which interaction with RNA II is initiated (20) . The other regions of complementarity overlap the translation initiation region for the Fst toxin (18) . Perhaps because the regions of complementarity are dispersed, RNA II does not target RNA I for degradation. Instead the two RNAs form a stable complex from which RNA II is only slowly removed and degraded (40) . If the plasmid is lost, RNA II removal frees RNA I for toxin translation.
In order for this system to work, RNA I must be significantly more stable than RNA II. In fact, RNA I is extraordinarily stable even in the absence of RNA II, with a half-life exceeding 40 min, more than 10-fold the half-life of RNA II alone (40) . In addition, since the RNA I-RNA II interaction initiates at the terminator stem-loop (SL), binding of the ribosome to the Fst Shine-Dalgarno (SD Fst ) sequence must be prevented until the terminator is transcribed (18, 35) . Previous computer modeling and secondary structure analysis demonstrated that the 5Ј end of RNA I contains two intramolecular structures (Fig. 1B) , an upstream helix (UH) which extends nearly to the 5Ј end of the RNA and a small SL which sequesters SD Fst (20, 35) . Previous work has shown that 5Ј structures are particular effective in stabilizing RNAs in Bacillus subtilis (21, 34) , and the primary reason is due to protection from the 5Ј33Ј exonuclease activity of RNases J1 and J2 (7, 8, 10, 30) . We sought to determine if the UH and/or SL was responsible for RNA I stability and could protect RNA I from J1 and/or J2. We found that disruption of the UH dramatically decreased RNA I stability, whereas disruption of SL had no affect on RNA I stability. Protection mediated by the UH was primarily against RNase J2. Finally, as was previously observed with RNA II, complex formation stabilized the RNA I UH mutant.
MATERIALS AND METHODS
Bacterial strains, media, and culture conditions. E. coli strain DH5␣ (Invitrogen) was used to construct the RNA I mutants used in this study. E. faecalis strain OG1X was used for the in vivo RNA stability analysis. OG1X is a streptomycinresistant, gelatinase-negative derivative of OG1 (24) . B. subtilis strain BG1 (31) was used for initial analysis of par RNA function in B. subtilis. Strains SSB1002, SSB340, and SSB344 (10) were used to assess the role of the J1 and J2 ribonucleases in RNA I degradation. E. coli and E. faecalis were routinely cultured in Luria-Bertani (LB) broth (33) and Todd-Hewitt (Sigma) broth, respectively, at 37°C. B. subtilis strains were also cultured in LB medium. Antibiotics (Sigma) were used at the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 10 to 25 g/ml; rifampin, 350 g/ml; spectinomycin, 100 g/ml; kanamycin, 5 g/ml; erythromycin, 0.5 g/ml; lincomycin, 12.5 g/ml; and tetracycline, 10 g/ml. IPTG (isopropyl-␤-D-thiogalactopyranoside; 0.033 mM) (Sigma) and XGal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 0.004%) (Gold Biotech) were used for selection of pGEM-T Easy clones. IPTG (1 mM) was also used for induction of RNase J1 in the strain SSB344.
Construction of RNA I mutants. The plasmids used and constructed in this study are shown in Table 1 . Strains SSB1002, SSB340, and SSB344 were graciously provided by Harald Putzer, IBPC, France. Primers and probes are listed in Table 2 . PCR was performed using PCR supermix Hi fidelity (Invitrogen) according to manufacturer's protocol. Plasmid isolation from E. coli was carried out using the Bio-Rad miniprep kit as per the manufacturer's instructions. For E. faecalis strains, plasmid DNA was isolated using the modified alkaline lysis prep (37) . Restriction enzymes and T 4 DNA ligase were obtained from New England Biolabs and used as per the manufacturer's protocol. Transformation into E. coli was achieved using subcloning-efficiency DH5␣ chemically competent cells (Invitrogen) according to the manufacturer's instructions. The plasmid constructs were introduced into E. faecalis by electroporation (18) .
pDAK734 containing the fst 19-stop mutation was used as template DNA for PCR construction of RNA I mutants for stability assays. The mutants were constructed using a three-step site-specific mutagenic PCR approach. The primers (Table 2 ) were used at a final concentration of 200 nM. In the first step, a mutagenic primer was used as the 5Ј primer and 3Ј RNA I-XbaI was used as the 3Ј primer. The latter primer contains the 3Ј end of the RNA I gene and an XbaI recognition site for cloning. This step produced a mutant product. In the second step, a second PCR was carried out using SalRNAI475 as a 5Ј primer and a 3Ј primer overlapping the mutagenic primer in the nonmutational region. The former primer contains the 5Ј end of the RNA I gene and a SalI recognition site for cloning. The thermal cycling conditions were as follows: 2 min at 94°C followed by 35 repeats of 45 s at 94°C, 45 s at 42°C, and 1 min at 72°C and a final extension for 10 min at 72°C. A fusion PCR was carried out to combine the above two PCR products (200 ng of each) using the end primers 3Ј RNA I-XbaI and SalRNAI475 in order to obtain the desired RNA I mutant. The primers were added after two cycles of the fusion PCR in order to prevent amplification of multiple PCR products due to traces of primers present in the template. For fusion PCR, thermal cycling conditions were as follows: 2 min at 94°C followed by 35 repeats of 45 s at 94°C, 1 min at 55°C, and 1 min at 68°C. The fusion PCR product was cloned into pGEM-T Easy and sequenced to confirm the mutation. The construct was then transferred into pAM401 using XbaI and SalI sites. RNA II was provided in trans using the construct pDAK611. The constructs for in vitro transcription were made as described by Greenfield (19) , using the templates and primers listed in Tables 1 and 2 , respectively. To study the effect of endoribonucleases J1 and J2 on RNA I, the RNA I genes from pDAK734 and pDAK749*, including their native promoters, were PCR amplified as described above using the end primers 5Ј BamHI-RNAI and 3Ј EcoRI-RNAI. The PCR-amplified products were cloned into pHM13 (unpublished) at the BamHI and EcoRI restriction sites and transformed into E. coli. This plasmid was graciously provided by Harald Putzer at Institut de Biologie Physico-Chimique, France, and is a kanamycin-resistant version of the plasmid pHM2 (13) . The plasmid DNA was isolated and sequenced to verify the clone. The pHM13 clones were transformed into B. subtilis strains SSB1002 (wild type), SSB340 (J2 deletion mutant), and SSB344 (J2 deletion mutant with J1 under an inducible promoter, induced with IPTG [isopropyl-␤-D-thiogalactopyranoside]) as described by Anagnostopoulos and Spizizen (2) . The overnight culture of SSB344 constructs was grown in the presence of IPTG. To stop J1 gene expression, the cells were pelleted and resuspended in fresh LB medium without IPTG. This washing step was carried out twice, and then the cells were diluted and allowed to grow for an additional 2 h before the transcriptional arrest assays were carried out. In another set, SSB344 constructs were allowed to grow in the presence of IPTG to mimic the construct SSB340.
In order to determine whether transcription levels of RNA I were affected by the presence of RNA II, a promoterless lacZ gene was fused to the RNA I promoter. The RNA I promoter was amplified using the primers RNAIpromoSphI and RNAISal475 (Table 2 ). These primers contain the restriction sites SphI and SalI for cloning into the vector pAM401. The thermal cycling conditions were as follows: 2 min at 94°C followed by 35 repeats of 45 s at 94°C, 45s at 42°C, and 1 min at 72°C and a final extension for 10 min at 72°C. Then the promoterless lacZ gene was amplified from the template p043lacZ (26) using the primers 5Ј RBS10 LacZ Sph and 3Ј LacZ Xba using the following thermal cycling conditions: 2 min at 95°C followed by 30 repeats of 45 s at 95°C, 30s at 60°C, and 4 min at 68°C. The final construct was then made by cleaving and ligating both the fragments using the restriction enzymes SphI and XbaI with similarly cut pAM401. Self-ligants of pAM401 carrying the RNA I promoter alone were eliminated by a postligation cut using EcoRV. The fused construct was then transformed into E. coli cells. The blue clones (expressing the ␤ galactosidase gene under the control of the RNA I promoter) were screened, and plasmid DNA was sequenced to verify the clone. The resulting plasmid was designated pDAK790. The plasmid DNA was then transformed into E. faecalis strains bearing pDL278 or pDAK611. Determination of RNA I stability. RNA I stability was determined as previously described by Weaver et al. (40) . Experiments used to derive half-lives included time points at 0, 2.5, 5, 10, 20, and 40 min. Half-lives were calculated from at least three independent experiments. Student's t test was employed in order to determine the statistical significance of differences between the halflives of different constructs.
Secondary structure determination using Pb(II) probing. The in vitro transcripts were synthesized using T 7 polymerase (Ambion Megashortscript kit) as per manufacturer's instructions. The transcripts were purified and end labeled, and Pb(II) probing analysis was carried out as previously described by Greenfield (20) .
␤-Galactosidase activity assay. ␤-Galactosidase activity was assayed as described by Miller (29) with the following modifications: The overnight culture was diluted 1:100 and grown to mid-log phase. The cells were lysed using setting 
RESULTS
Role of 5 structures in the stability of RNA I. Computer modeling and secondary structure analysis revealed the presence of two structures at the 5Ј end of RNA I: an SL that directly sequesters the predicted ribosome-binding site for Fst (SD fst ) and an upstream helix composed of the extreme 5Ј end of RNA I and sequences further downstream (20) . To determine the effects of the 5Ј structures on the stability of RNA I, several mutations were introduced into RNA I genes containing the wild-type promoter and a nonsense mutation in the 19th codon of the Fst coding sequence to prevent toxicity in E. faecalis (Fig. 2 ). The mutated constructs were then introduced into E. faecalis on the pAM401 shuttle vector. The effects of the mutations on RNA I stability were then determined in vivo. Figure 3 shows representative samples at two posttranscriptional arrest points, 0 and 30 min. The half-lives listed in Fig.  3 were determined in more detailed stability assays at extended time points (see Materials and Methods).
Mutations disrupting UH dramatically destabilized RNA I, while mutations disrupting SL had no effect on stability. Disruption of the upstream helix (Fig. 2B) by replacement of the upstream sequence with noncomplementary base pairs destabilized RNA I by greater than fourfold compared to the wild type (P Ͻ 0.0001 by two-sample t test). Restoration of the upstream helix (Fig. 2C) by introducing complementary mutations on the opposite side of the stem restored wild-type RNA I stability. Pb(II) probing data (see Fig. S1 in the supplemental material) showed a loss of protection of the 5Ј end of the UH mutant consistent with disruption of the helix. In contrast, the 5Ј end of the complemented mutant showed a closed upstream helix similar to wild-type RNA I. Neither construct displayed detectable differences in the remaining RNA structure. Destabilization of SL by changing two nucleotides at the base of the stem to noncomplementary base pairs (Fig. 2D ) had no significant effect on stability. Combining the UH and SL mutants (Fig 2E) stabilized RNA I by 1.5-fold compared to the UH mutant alone (P value of 0.02). The 2-base SL change did not result in structural changes detectable by Pb(II) probing (data not shown), but previous results have shown that this mutation leads to increased translation of Fst (35) . Therefore, the observed stabilization of RNA I by the 2-base SL mutation could be due to increased ribosomal binding to RNA I as has been observed in other systems (22, 25) .
To eliminate the effects of ribosome binding, a 4-base change disrupting the Shine-Dalgarno sequence was constructed in the context of the wild-type UH (Fig. 2F ) and the disrupted UH (Fig. 2G) . As shown in Fig. 3 , this mutation had no effect on the stability of the parental RNAs. Thus, RNA I structure F was as stable as wild-type RNA I, and RNA I structure G was as stable as the structure B, UH mutant. The difference in the half-lives of the B and G mutants is not statically significant, with a P value of 0.157 using a two-sample t test. Therefore, SL appears to be unnecessary for the stability of RNA I and its mutation does not further destabilize a UH mutant. These mutations in the UH and SL do not significantly alter the overall structure of RNA I (as observed by secondary structure analysis in Fig. S1 in the supplemental material) . These results demonstrate that the UH structure plays the key role in RNA I stabilization and SL does not contribute significantly toward RNA I stability.
Effect of endoribonucleases J1 and J2 on the stability of the UH mutant. Recent work has shown that the ribonucleases J1 and J2 are important for RNA degradation in B. subtilis and that J1 is essential for viability (7, 8, 10, 28, 29) . It has been demonstrated that both enzymes have 5Ј33Ј exonuclease activity, so it seemed likely that one or both of these enzymes could be involved in the degradation of the UH mutant construct. While E. faecalis has homologues of the B. subtilis genes coding for J1 and J2, RNA decay has not been examined in this organism and mutants are not available. In addition, tightly controlled promoters required for supplying the essential J1 enzyme are not available in E. faecalis. Previously unpublished results suggested that several key features of the RNA I-RNA II interaction and decay are conserved in B. subtilis. Thus, B. subtilis BG1 cells transformed with pDAK704, encoding wildtype RNA I alone, contained mutations that did not produce detectable RNA I. Plasmid DNA purified from four independently isolated transformants showed deletions removing the RNA I gene (data not shown) indicating that RNA I is toxic in B. subtilis, as has also been shown in controlled induction experiments (32) . However, transformants producing RNA I could be obtained when RNA II was provided either in cis as on pDAK607 or in trans on pYHII, indicating that the two RNAs interact and that translation of RNA I is inhibited as in E. faecalis (see Fig. S2 in the supplemental material) . None of the transformants had RNA I deletions, indicating that RNA II was protective to B. subtilis cells containing RNA I. Furthermore, RNA II levels and stability were increased in the presence of RNA I both in cis and in trans (see Fig. S2 in the supplemental material), as was also observed in E. faecalis (40) . These results provided confidence that B. subtilis could serve as a reasonable surrogate host to determine the roles of J1 and J2 in RNA I degradation.
Vectors carrying the wild-type and UH mutant RNA I constructs were established in the J1 and J2 B. subtilis mutants. The effects of these ribonucleases on RNA I stability were determined in vivo. The stabilities of these constructs are compared in Fig. 4 using samples at various posttranscriptional arrest time points. The half-lives are reported in Table 3 . As expected, the wild-type RNA I was extremely stable (Ն40 min) in SSB1002, the parental strain, and SSB340, the J2 mutant (Fig. 4A) , as well as SSB344, a J1 J2 double mutant with J1 under the control of an IPTG-inducible promoter (data not shown). As was observed in E. faecalis, the UH mutant construct in SSB1002 was significantly less stable than wild-type RNA I, with a P value of less than 0.0001 by two-sample t test (Fig. 4B and Table 3 ). The UH construct in the J2 mutant, SSB340, was significantly more stable than in SSB1002 (with P Յ 0.01 using the t test). In SSB344, the UH mutant showed similar stability to the J2 mutant regardless of the presence or absence of IPTG induction. These results suggest that the UH FIG. 3 . Comparison of RNA stabilities of various RNA I UH and SL mutations using Northern blot analysis. Total RNA was isolated from the culture at different posttranscriptional arrest points. Rifampin inhibition, RNA purification, and Northern blots were performed as described in Materials and Methods. Blots were probed with an RNA I-specific oligonucleotide probe and an oligonucleotide probe specific for E. faecalis 5S rRNA as a loading control. The constructs corresponding to each pair of lanes are represented alphabetically corresponding to the structures shown in Fig. 2 resistant to RNase degradation (40) . In those experiments, it was not possible to determine if RNA I was also stabilized in the complex since free wild-type RNA I is already extremely stable. Since the base changes introduced into the UH mutant do not affect the RNA II interaction sites (19) , the effect of RNA II on the stability of the RNA I UH mutant was determined. The UH mutant construct was transformed into OG1X(pDAK611), containing the RNA II gene on vector pDL278. A vector control strain, OG1X(pDL278), was also transformed with the UH mutant. Basal levels of RNA I were increased (2.7 Ϯ 0.4)-fold in the presence of RNA II. A representative gel is shown in Fig. 5 . This difference was statistically significant, with a P value of 0.019 by two-sample t test, indicating that RNA II either stimulates RNA I transcription or results in an increase in stability. In a rifampin-mediated transcriptional arrest stability assay, the RNA I UH mutant was stabilized by twofold in the presence of RNA II (half-life of 25 min in the presence of RNA II versus 12 min in its absence). Since interpretation of such results is complicated by the fact that both RNAs are degraded simultaneously, the possibility that RNA II increased transcription of RNA I was assessed. To accomplish this, a promoterless lacZ gene was fused to the RNA I promoter and introduced into E. faecalis strains bearing pDL278 or pDAK611. (E. faecalis is naturally ␤-galactosidase negative.) ␤-Galactosidase activity was actually somewhat lower in the presence of RNA II (37.0 Ϯ 6.53 Miller units) than in its absence (48.1 Ϯ 6.63 Miller units), although this difference was not significant (with P Ն 0.05 by t test). Therefore, it appears that both RNA I and RNA II are stabilized in the RNA-RNA complex.
DISCUSSION
The Fst toxin-encoding RNA I of the E. faecalis plasmid pAD1-encoded par addiction module has several unique structural requirements because of its mechanism of regulation. Translation inhibition requires interaction with the antitoxin regulatory RNA, RNA II (16) . Interaction between RNA II and its RNA I target is initiated at the 3Ј loops of each RNA (19, 20) , which necessitates a means of translational suppression until the interacting element can be transcribed. This is accomplished by the SL, which sequesters the ribosome binding site and is required for RNA II-mediated regulation of Fst translation (20, 35) . In addition, to function as an addiction module, it is essential for RNA I to be more stable than RNA II so that it can persist after plasmid loss. Translational suppression complicates this requirement since untranslated RNAs are generally more susceptible to degradation (1). Nevertheless, RNA I is more stable than RNA II in its natural context, with a half-life of greater than 40 min as compared to 10 min for RNA II in the presence of RNA I in its native context (40) . Results in other systems have indicated that structures sequestering the 5Ј end of transcripts make them less susceptible to cellular RNases (3, 21, 22, 34) . Similarly, the results presented here demonstrate that the RNA I UH is required for its stability. Disruption of SL had no effect on stability. Since it was previously demonstrated that disruption of UH had no effect on SL-mediated translational suppression, it appears that these two structures perform distinct and independent functions in regulation of the system. It should be noted that although these structures on the 5Ј end of RNA I, UH and SL, are important for regulating the stability (this work) and translation of RNA I (35), respectively, they do not interfere with the stable complex formation of the two RNAs (19) , which is necessary for cell survival.
In E. coli, RNase E is believed to be the primary RNase involved in initiated degradation of messenger RNAs (6) . The genomes of most gram-positive organisms, however, lack RNase E homologs and the critical RNase for mRNA degradation appears to be the J1 enzyme. B. subtilis J1 RNase has both endonuclease and 5Ј33Ј exonuclease activity and is essential for viability. B. subtilis also encodes a nonessential J1 paralog with the same apparent activities, designated J2 (8, 10, 29) . The results presented here demonstrate that the UH mutant exposes RNA I to degradation by the J2 enzyme in B. subtilis, since this construct is more stable in a J2 mutant. Expression of J1 had no effect on degradation of the RNA I UH mutant, although the possibility that repression of J1 was not sufficient to produce an effect cannot be ruled out at this time. Like B. subtilis, E. faecalis encodes two J-type homologs: one with 62% identity and 84% similarity to J1 and one with 45% identity and 68% similarity to J2. Whether these enzymes maintain the same specificity as those from B. subtilis will require further investigation.
Finally, previous results indicated that the RNA I-RNA II FIG. 5 . Effect of RNA II on the basal levels of the UH mutant (construct B) of RNA I. Total RNA was isolated from mid-to latelog-phase cultures containing the RNA I B mutant with empty vector pDL278 (lane 1) or the RNA II-containing construct pDAK611 (lane 2), fractionated, and subjected to Northern blotting as described in Materials and Methods. Blots were probed with an RNA I-specific probe, an RNA II-specific probe, and the E. faecalis 5S rRNA probe as a loading control. VOL. 191, 2009 RNA STRUCTURES ENSURING STABILITY 1535 complex is particularly stable, presumably allowing it to persist for several generations after loss of its plasmid-encoded genes. This suggests that RNA-RNA interaction protects each RNA from degradation by RNases. It was previously demonstrated that RNA II was stabilized by interaction with RNA I (40) . The results presented here demonstrate that interaction with RNA II stabilized the UH mutant of RNA I, indicating that stabilization is reciprocal. The mechanism by which RNA II is ultimately removed from the complex is still under investigation.
